Two strains of Rhizobium leguminosarum bv. phaseoli and three other plant growth-promoting rhizobacteria (PGPR) were examined for the potential of maize and lettuce root colonization. All of these strains were selected in vitro for their phosphate-solubilizing abilities. Maize and lettuce seeds were treated with derivatives of all strains marked with lux genes for bioluminescence and resistance to kanamycin and rifampin prior to planting in nonsterile Promix and natural soil. The introduced bacterial strains were quantified on roots by dilution plating on antibiotic media together with observation of bioluminescence. Rhizobia were superior colonizers compared with other tested bacteria; rhizobial root populations averaged log 4.1 CFU/g (fresh weight) on maize roots 4 weeks after seeding and log 3.7 CFU/g (fresh weight) on lettuce roots 5 weeks after seeding. The average populations of the recovered PGPR strains were log 3.5 and log 3.0 CFU/g (fresh weight) on maize and lettuce roots, respectively. One of the three PGPR was not recovered later than the first week after seeding in Promix. Bioluminescence also permitted visualization of in situ root colonization in rhizoboxes and demonstrated the efficiency of rhizobial strains to colonize and survive on maize and lettuce roots.
The N 2 -fixing rhizobia (Bradyrhizobium and Rhizobium spp.) are generally considered beneficial symbionts specific to legumes. However, many reports suggest that rhizobia have the ability to colonize roots of nonlegumes as efficiently as they colonize their legume hosts (2, 3, 14, 19, 26, 29, 31, 36) . In a cereal-legume crop rotation system, the legume-Rhizobium symbiosis was improved by inoculating the preceding cereal crop with Rhizobium spp. (14) , suggesting that the growth of rhizobia could be stimulated in the maize rhizosphere. Another report described the rhizobial attachment and the root hair curling on nonlegumes (31) . Nodule-like structures in nonlegume roots were also observed under particular conditions without significant N 2 fixation (2, 3). Shimshick and Hebert (29) reported that attachment of rhizobia to the roots of wheat and rice seedlings can be analyzed in terms of a dynamic equilibrium model such as the Langmuir adsorption isotherm, in which the maximum number of binding sites was 8 ϫ 10 9 /g of fresh root (gfr) at 22ЊC. More recently, the rhizosphere colonization and growth promotion of nonlegumes by Rhizobium leguminosarum bv. trifolii were reported (19, 36) . Wiehe and Höflich (34) observed that root colonization of maize by rhizobia ranged from more than log 5 to less than log 3 CFU/ gfr according to the year of experiments and time during season.
There is considerable evidence that soil microorganisms can directly increase phosphorus (P) supply to plants through the processes of solubilization and/or mineralization of soil inorganic and organic P (28) . Rhizobia are soil microorganisms which possess this potential to solubilize soil P (18, 30) and can also promote the growth of nonlegumes. In fact, a strain of R. leguminosarum bv. trifolii stimulated the growth of nonlegumes such as Gramineae and crucifers under field conditions (19) .
The survival and root colonization of introduced strains in soil and rhizosphere need to be monitored to understand the mechanisms of action and the potential of these strains to compete with other soil microorganisms. However, to distinguish the introduced strains from the natural flora, a marking system is necessary. In the present work, the bioluminescent marker luxAB combined with resistance to kanamycin and rifampin was used to differentiate inoculated strains from indigenous bacteria (5, 8, 21) . Previous studies examined root colonization of nonlegumes by rhizobia as a group without regard to specific function other than N 2 fixation (2, 3, 29, 31). The current study was designed to determine if the introduced rhizobial strains P31 and R1 can colonize and survive in the nonsterilized rhizosphere of the nonlegumes maize and lettuce as well as other P-solubilizing microorganisms considered to be plant growth-promoting rhizobacteria (PGPR).
MATERIALS AND METHODS
Bacterial strains. Enterobacter sp. strain 22a, Serratia sp. strain 22b, and Pseudomonas sp. strain 24 were previously selected for their ability to solubilize inorganic P in culture media. All of these bacteria promoted the growth of maize or lettuce in the field (10) . Strains P31 (22) and R1 (from our lab) of R. leguminosarum bv. phaseoli were isolated from Quebec soils and also selected for their ability to solubilize P. Their rhizobial identity was confirmed by inoculation of seeds of Phaseolus vulgaris (cultivars Strike, Sungold, Kentucky Wonder, and Contender) and reisolation from nodules (32) . Isolates were compared with their parental strains by using Biolog (Hayward, Calif.) GN Microplates. Spontaneous mutants resistant to 100 g of rifampin per ml were obtained for all strains by gradually increasing the concentration of rifampin in the tryptic soy agar (TSA; Difco) medium used to cultivate the bacteria. All strains were stored at Ϫ80ЊC in tryptic soy broth (TSB; Difco) plus 20% glycerol.
Marking bacteria with luxAB genes. Escherichia coli WA803(pDLB30), resistant to chloramphenicol and carrying the Tn5-luxAB genes of Vibrio harveyi with kanamycin resistance (8) , was used as the plasmid donor by conjugation with the strains mentioned above. The plasmid donor was grown on TSA supplemented with 25 g of chloramphenicol per ml and 25 g of kanamycin per ml, and the recipient strains were grown on TSA medium supplemented with 100 g of rifampin (TSA-R). After overnight growth at 30ЊC, the cells were harvested and suspended in sterile 0.85% NaCl solution (saline) with a sterile loop. The optical density at 590 nm was adjusted to 1.1, and 100-l volumes of both donor and recipient cell suspensions were filtered through a 0.22-m-pore-size sterile nitrocellulose filter (25-mm diameter) with 2 ml of additional sterile saline. Filters harboring bacteria were placed on TSA for overnight incubation. The cells from the filters were resuspended in 10 ml of sterile saline, and the resulting suspension was serially diluted and plated onto TSA supplemented with 100 g of rifampin and kanamycin per ml (TSA-RK), which did not permit growth of recipient strains or the E. coli donor but permitted growth of recombinant bacteria. The dilutions were also plated on TSA-R, which permitted growth of all recipient cells but not of the E. coli donor, to calculate the transconjugant frequency. The transconjugants were selected from TSA-RK by their luminescence in the dark, and the retention of P solubilization abilities was checked on dicalcium phosphate medium (17) . Selected mutants were also compared with their respective wild types on Biolog GN Microplates and by comparison of the growth curves in 10% TSB medium.
Inoculant preparation. All inoculants were prepared from a 24-h 10% TSA culture. The cells were suspended in sterile saline, and the optical density was adjusted to obtain a minimum of log 8 CFU/ml. A sterile saline solution without bacteria was used for all uninoculated controls. The lettuce seeds were inoculated by adding 5 ml of cell suspension in a 5-cm-diameter petri plate containing 200 seeds and air dried overnight. The lettuce seeds (Paris Island COS; Asgrow Seed Co., Ontario, Canada) were bought with a commercial clay coating which allowed bacteria to adhere and survive on the seeds. Prior to use, maize seeds (hybrid Funk's 4066) were surface disinfected for 2 min in 70% ethanol and for 5 min in 6% sodium hypochlorite. The seeds were inoculated by soaking for 1 h in a sterile plastic bag with a mixture of 10 ml of cell suspension and 30 ml of 1% carboxymethylcellulose solution (Sigma catalog no. C-5013). The nonadhering liquid was decanted, and the seeds were air dried overnight in 15-cm-diameter petri plates. After seeding, the numbers of CFU per seed were calculated by plating on 10% TSA a sample of 10 seeds per treatment, suspended in 10 ml of sterile saline.
Lux ؉ rhizosphere population. The inoculated seeds of lettuce and maize were grown in a greenhouse with the natural photoperiod of Alabama in February to March and an average temperature of 25ЊC. The 10-cm-diameter pots contained the nonsterile peat substrate Promix (Tourbière Premier, Rivière du Loup, Québec, Canada). Plants were watered daily with tap water as required to maintain soil at field capacity. The experimental design was a split plot with six bacterial treatments (strains 22a, 22b, 24, P31, R1, and an uninoculated control) as the main plot factor, four sample times (weeks 1, 2, 3, and 4 for maize; weeks 2, 3, 4, and 5 for lettuce) as the subplot factor, and five replicates. At each sampling time, the root systems were separated from the Promix by vigorous shaking to dislodge loosely adhering soil and placed in sterile plastic bags for determination of the rhizosphere populations. The plastic bags containing the root systems were filled with 10 ml of sterile saline and shaken for 30 s in a Lab-Blender 80 stomacher (Tekmar Co.). Dilution plating was performed with a Spiral System Instruments plater (model D) on TSA plus 100 g of rifampin, kanamycin, and cycloheximide per ml (TSA-RKC) for Lux ϩ bacterial populations and on 10% TSA for total bacterial populations. The cycloheximide was used to inhibit fungal growth. The plates were incubated at room temperature for 36 h. Bacterial enumeration was performed with a Laser colony counter (model 500 A) and CASBA II software (Spiral System instruments). Bioluminescence was used to confirm that isolated colonies were the inoculated strains. Bioluminescence was observed by adding one drop of N-decyl aldehyde (Sigma catalog no. D-7384) to the covers of inverted petri plates in the dark. The bacterial counts were expressed as CFU per gfr by the number of weeks after planting (WAP). The detection level of the recovery method was adjusted by the use of the lower dilution after 2 WAP because the number of bacteria is reduced with time. The time also naturally reduced the detection level because the biomass of roots was increased. It was about log 4 CFU/gfr for the first 2 WAP and about log 2.5 CFU/gfr for the last 2 WAP.
This experiment was repeated with natural soil collected at Ile d'Orléans (Québec, Canada). The soil used was a silty clay loam with a pH of 6.29 (1:1 in water) and 5.75% organic matter content. The P and K available in the soil as determined by the Mehlich III procedure (24) were 629 and 595 kg/ha, respectively. Each 12.5-cm-diameter pot received approximately 1 kg of air-dried soil sieved to a 5-mm pore size. In this experiment, the detection level was reduced to the minimum by plating directly from the stomacher bags containing roots to increase the chances of recovering the lower colonizing strains.
Presence of Lux ؉ rhizobia on roots. Lettuce and maize seeds inoculated with strains P31 and R1 were grown in a greenhouse as described above in Promix to observe the presence of rhizobial strains on the surface and inside the roots. A randomized block design with three treatments (strains P31, R1, and an uninoculated control) and eight replicates was used. The root systems were harvested at 5 and 16 days after seeding for maize and at 10 and 21 days after seeding for lettuce. The root systems were shaken, washed in water, and air dried for 5 to 10 min. The segments and complete root systems were placed on TSA-RKC plates and incubated for 24 h at room temperature. The spreading of bacteria on the plates was avoided by the root drying, which removed the surplus of water after washing. The plates were imaged in a darkroom with a charge-coupled device camera (Photometrics Ltd., Tucson, Ariz.). The exposure times of 1 to 5 min were used with the camera cooled to Ϫ115ЊC (Ϯ5ЊC) with liquid nitrogen. To study internal (endophytic) root colonization, after the last harvest, a root sample from each treatment was surface disinfected for 2 min for lettuce and 4 min for maize in a solution of 1% sodium hypochlorite and 0.05% of the surfactant Triton X-100 (Sigma catalog no. T-6878) and washed three times in sterile saline to eliminate surface microorganisms (25) . Surface-disinfected samples were ground in a sterile mortar with 1 ml of sterile saline and plated on TSA-RKC for recovery of inoculated strains and on 10% TSA for recovery of other endophytic bacteria. Root surface disinfection was checked by placing root subsamples on TSA-RKC and 10% TSA. Any sample indicating growth was discarded.
In situ bioluminescence observation. The lettuce and maize seeds inoculated with strains P31 and R1 were grown in Plexiglas rhizoboxes (6) filled with nonsterile fritted clay. Each rhizobox, containing two seeds, was placed in a plastic bag to avoid cross-contamination and water evaporation. The plants were grown in a growth chamber with a 12-h photoperiod and day-night temperatures of 25ЊC. A randomized block design with three treatments (strains P31, R1, and an uninoculated control) and three replications was used. The rhizoboxes were observed directly with the charge-coupled device camera in the darkroom 11 days after seeding for maize and 25 days after seeding for lettuce. The covers of the rhizoboxes were removed to add N-decyl aldehyde drops to the soil at about 1 cm from the root system. The rhizoboxes were then returned to the plastic bags to maintain decyl vapor and avoid desiccation. Exposure times of 10 to 20 min were used with the camera cooled to Ϫ115ЊC (Ϯ5ЊC). The maize and lettuce roots were harvested after the in situ observation, and samples were processed as described above for Lux ϩ rhizosphere population.
Data analysis. All data were tested for homogeneity of variances by Hartley's test (20) . The log 10 transformation was used to calculate bacterial population on root systems (23) , and populations were expressed as log (CFU ϩ 1) to avoid zero values (5, 20) . The analyses of variance were done with the General Linear Models procedure of PC-SAS (SAS Institute, Cary, N.C.). Comparisons between the means were done by the least significant difference test, and the regression curves of root colonization by each strain according to time were done with the REG procedure of SAS.
RESULTS
Lux ؉ recombinant bacteria. All recipient strains conjugated with E. coli WA803(pDLB30) resulted in production of Lux ϩ bioluminescent mutants which emitted visual light in the dark after the addition of N-decyl aldehyde. The frequency of transconjugants ranged from 1/10 8 recipient cells (strain P31) to 1/50 recipient cells (strain R1). The introduced luxAB genes were stable, on the basis of several repeated transfers on dicalcium phosphate-RK and TSA-RK plates, and P solubilization by the mutants was similar to that by the wild types on dicalcium phosphate plates. All selected mutants had reactions similar to those of their respective wild types on Biolog GN Microplates and had similar growth curves on 10% TSB medium.
Lux ؉ rhizosphere population. No light-emitting bacteria were detected on plates prior to the addition of N-decyl aldehyde, and no spontaneous mutants resistant to antibiotics were found in the uninoculated control in TSA-RK plates. All bacterial strains were recovered on maize roots after 1 week, but after 2 weeks, strain 22b was below the detection level of about log 4 CFU/gfr of maize and lettuce. The importance of the bioluminescent population in the roots of maize and lettuce was significantly (P Յ 0.05) affected by the bacterial strains used and by the time of root sampling ( Table 1 ). In general, R. leguminosarum P31 and R1 were the best root-colonizing strains, but strain R1 was always the best root colonizer at each sampling date (Table 1 ; P Յ 0.05). The introduced bacterial population decreased significantly (P Յ 0.05) by about 1 log unit per week (Table 1) , except at 5 WAP on lettuce. The Lux ϩ bacterial population of maize ranged from log 6.5 to 7.1 CFU/ gfr at 1 WAP and decreased linearly (R 2 ϭ 0.81) to log 3.4 to 4.4 CFU/gfr at 4 WAP (Fig. 1) . The same colonization pattern was observed on lettuce from the second to the fourth week, where the Lux ϩ population varied from log 5.7 to 6.3 CFU/gfr at 2 WAP and decreased linearly (R 2 ϭ 0.84) to log 2.7 to 3.6 CFU/gfr at 4 WAP. However, at 5 WAP, there was an increasing trend in the population of introduced bacteria in the lettuce rhizosphere. The total bacterial rhizosphere populations (indigenous and introduced) ranged from log 7.1 to 7.6 CFU/ gfr and from log 7.2 to 7.7 CFU/gfr during the whole experiment for maize and lettuce, respectively.
Similar results were obtained for the natural soil (Fig. 2) ; 2768 CHABOT ET AL. APPL. ENVIRON. MICROBIOL. rhizobial strain R1 was the best colonizing strain, and Serratia sp. strain 22b was the poorest colonizing strain. The reduction of the detection level permitted the recovery of strain 22b until the penultimate week. However, in natural soil, maize root colonization by Pseudomonas sp. strain 24 decreased faster than it did in Promix. Presence of Lux ؉ rhizobia on roots. Placing the roots on TSA-RK allowed growth of Lux ϩ rhizobia and permitted the visualization of bioluminescence with the charge-coupled device camera. No luminescent bacteria were found on uninoculated control roots. Strains P31 and R1 were present on the whole 10-day-old root system of lettuce (Fig. 3A to D) . At 3 WAP, strain R1 was present on the whole root system, while strain P31 was mostly concentrated close to the seed part of lettuce roots. Strains P31 and R1 were also present on the whole root system of 5-day-old maize as shown for strain R1 (Fig. 3E and F) . Sixteen days after seeding, strain R1 was present on the main and adventitious roots ( Fig. 3G and H) , while strain P31 was present mostly near the seed. Some gaps in the distribution of bioluminescence visible in Fig. 3H are caused by the abundance of the root system which did not permit full contact between the roots and the agar. The internal root tissues were free of Lux ϩ rhizobia as endophytes, and no bacteria were detected in the surface-disinfected control roots. However, other endophytes were present.
In situ bioluminescence observation. Growing the plants in rhizoboxes containing nonsterile soil allowed observation of bioluminescence from the Lux ϩ rhizobia colonizing the lettuce and maize rhizospheres. No luminescence was detected on uninoculated roots. Root colonization by Lux ϩ rhizobia was abundant on visible roots of 11-day-old maize seedlings (Fig.  4A to D) . Strains P31 and R1 survived at levels of log 6.0 and log 5.5 CFU/gfr, respectively, on 11-day-old maize seedlings. For the 25-day-old lettuce seedlings, only a few and very small roots were present at the visible surface of the rhizoboxes. However, bioluminescence was observed on roots throughout the soil, indicating abundant colonization of roots ( Fig. 4E and  F) . Both strains P31 and R1 survived at a level of log 7 CFU/gfr of lettuce.
DISCUSSION
The present results clearly demonstrate that R. leguminosarum bv. phaseoli strains P31 and R1 can colonize roots and survive in the rhizospheres of maize and lettuce in a nonsterile soil. The colonization pattern was only on the external parts of these roots, and no nodule-like structures were observed, indicating the inability of the tested rhizobia to penetrate these nonlegumes under natural conditions. Previous studies used enzymes and polyethylene glycol to induce nodule-like structures on rice and oilseed rape seedlings inoculated with rhizobia. This enzyme treatment removed cell walls at the tips of root hairs, providing a port of entry for rhizobia (2, 3) . Similar enzymes and polyethylene glycol treatments with legumes can also remove the barrier to Rhizobium host specificity (1) . Studies involving rhizobial colonization, root hair curling response, and nodule-like structure formation on various nonlegume roots did not examine growth promotion potential (2, 3, 29, 31) , and the N 2 -fixing activity was nonsignificant when measured by acetylene reduction (2, 3, 29) . However, root colonization and growth promotion of rice (36) and other nonlegumes such as wheat, maize, rape, and sugar beet (19, 34) by R. leguminosarum bv. trifolii were reported under field and laboratory conditions. Obviously, the growth promotion of nonlegumes was related to mechanisms independent of biological N 2 fixation, and neither root nodules nor N 2 fixation was observed. 3.33 c a Serratia sp. strain 22b was not included in this table because it was not recovered later than the first week after seeding (WAP). The strain means include five replications and four sampling times, and the time means include five replications of each strain. The strain and time effects, but not their interaction, were significant (P Յ 0.05).
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The recovery of rhizobial strains P31 and R1 at high levels in maize and lettuce roots confirms these previous reports observing rhizobial colonization of nonlegume roots (2, 3, 14, 19, 26, 29, 31, 36) . The results can also explain in part the improved legume-Rhizobium symbiosis obtained by inoculating the preceding crop of maize with Rhizobium spp. (14) and the relatively high Rhizobium numbers found in soils of long-term field experiments with cereals without any legumes (34) . The significant decrease of root colonization with time, which is a function of the root density, can be explained by the root biomass which increases rapidly during the first 4 WAP in pot experiments (19) . The number of rhizobia recovered following 4 WAP on maize roots was comparable to that obtained by Wiehe and Höflich (34) . Rhizobium spp. can promote the growth of legumes by symbiotic N 2 fixation in root nodules and the growth of nonlegumes such as Gramineae and crucifers following root colonization without nodule formation (19) . The mechanisms of action of growth promotion of nonlegumes by rhizobia may be similar to other PGPR of nonlegumes and should be investigated further. Biological control and direct growth promotion are the two main strategies of PGPR to increase the yield of plants (4) . Rhizobial strains P31 and R1 used in this work were selected for their P-solubilizing ability. This characteristic should be an important factor in plant growth promotion as observed in the field with other P-solubilizing microorganisms (10) . The literature frequently reported P solubilization (18) and other PGPR characteristics of rhizobia (9, 11, 13, 18, 33, 35) .
The efficiency of R. leguminosarum bv. phaseoli strains P31 and R1 in colonizing maize and lettuce roots was generally higher than that of other P-solubilizing microorganisms used in this study. This corroborates previous work in which Rhizobium sp. strain R39 was recovered in higher numbers than strain PsIA12 of Pseudomonas fluorescens on maize roots (19) . Root colonization and survival in the rhizosphere are very important factors for PGPR-mediated growth promotion because the activity of introduced cells is necessary to produce beneficial substances or to compete with deleterious and pathogenic organisms. The intensity of the bioluminescence phenotype is largely a reflection of the metabolic activity of cells since the observed light is the direct result of transcription (8) . The visualization of an intense bioluminescence of strains P31 and R1 in the rhizosphere may reflect this high metabolic activity ( Fig. 4) .
Our results also indicate that antibiotic markers such as rifampin (spontaneous mutant selection) and kanamycin (given by Tn5) provided an efficient recovery method for rhizosphere bacteria including rhizobia. No spontaneous resistant mutants were found on uninoculated control plates. Antibiotic resistance, including rifampin or kanamycin resistance, is an efficient tool to recover specific strains from the rhizosphere (15, 16, 21, 34) . Furthermore, the bioluminescent phenotype was a very fast and efficient method to control the identity of recovered strains and to observe their in situ activity. Bioluminescence was chosen as a marker because of the stability of the Tn5 insertion (5, 8, 27) and the absence of indigenous bioluminescent bacteria in the rhizospheres (6, 21) . Bioluminescence can also be used in future genetic studies as a genetic marker (7) . Luciferase-only synthesis, which occurs with luxAB genes, makes a low energy demand on cells in comparison with that of the synthesis of luciferase-aldehyde substrate, which occurs with luxCDABE genes (8, 12) . The Tn5-luxAB system was chosen to avoid this high energy demand of mutants in the rhizosphere. However, addition of the substrate N-decyl aldehyde to luciferase near the colonies is necessary (21) .
Rhizobium is a very important genus of PGPR. The advantage of using rhizobia as PGPR for nonlegumes comes from its safety, as indicated by the absence of any potential risk associated with its use with legumes for many decades. Research using rhizobia as PGPR with nonlegumes can also make rapid progress because of the well-established inoculation technology and the comprehensive genetic studies available for these bacteria. Root colonization is one of the more important properties of efficient PGPR, because introduced strains need to survive and grow in the rhizosphere to give beneficial effects. R. leguminosarum bv. phaseoli strains P31 and R1 seem to be particularly efficient and nonspecific root colonizers, since maize and lettuce are members of very different plant genera, representing monocotyledonous and dicotyledonous plants.
